ABSTRACT: We present large subunit (LSU) and internal transcribed spacer (ITS) rDNA based phylogenies of symbiotic dinoflagellates retrieved from single-cell planktonic foraminifera collected around the world. All modern foraminiferal species involved in such symbiosis are included in our analyses. The pelagic symbiotic dinoflagellates form a monophyletic group sister to the Symbiodinium species complex found in coastal-benthic environments. The pelagic symbionts are descendants of free-living species and, together with the coastal-benthic Symbiodinium spp., they originated from the early Mesozoic suessiacean family represented by the extant Polarella glacialis. Out of hundreds of single planktonic foraminifera examined, 21 unique pelagic symbiont ribotypes were recognized, which could be divided into 2 main clades and 4 genetic subgroups. We observed an absence of specificity between the symbiont genetic types and the host genetic and morphological species. A few foraminifera even harbored dinoflagellates of more than one genetic subgroup. This genetic flexibility may be constrained by the fast life cycles of pelagic single-cell hosts, which acquire symbionts de novo from the ambient water at each generation. The obligatory transitional free-living stage of pelagic symbionts prior to acquisition by foraminiferal hosts may also explain their significantly lower rates of DNA substitution in comparison to their coastal-benthic relatives. We propose that the open ocean ecosystem has maintained photosymbioses involving a relatively low genetic diversity, but an extreme flexibility in the relationships between both partners, which also preserved their ancestral ability for independent life. KEY WORDS: Symbiosis · Planktonic foraminifer · Dinoflagellate · Open ocean · Suessiales
INTRODUCTION
Marine symbiosis involving heterotrophic hosts and photosynthesizing dinoflagellate algae (often referred to as zooxanthellae) results in a holosymbiont unit with advantages of both strategies (Rowan 1998 , Buddemeier et al. 2004 . Photosymbiosis is especially important in oligotrophic oceans, and zooxanthellae are hosted by a variety of marine invertebrates including (among others) corals, sponges, and foraminifera (Carlos et al. 1999 , LaJeunesse 2001 , Baker 2003 , Santos et al. 2003 . Symbiosis is key to the success of coral reefs over geological times, and may be a major mechanism that enables corals to survive varying climate conditions (Stanley & Swart 1995 , Buddemeier et al. 2004 ). However, dinoflagellate based photosymbiosis is not confined to coastal reef environments. Symbiosis between pelagic foraminifera and dinoflagellates is abundant in surface waters of the world ocean, and plays a prominent role in oligotrophic open ocean ecology. In this study, we assess phylogenetic relationships among pelagic foraminiferan symbionts, and examine host-symbiont specificity, flexibility and co-evolution.
Dinoflagellate endosymbiosis has probably affected marine ecology since at least the Early Mesozoic. Dinoflagellates underwent a radiation at that time, and most of the morphological features found in modern dinoflagellates already existed by the early Cretaceous . Co-evolution with scleractinian corals, whose modern symbiotic dinoflagellates of the genus Symbiodinium resemble the Late Triassic genus Suessia, likely contributed to Early Mesozoic dinoflagellate radiation . This is supported by geochemical evidence that at least some Triassic corals were symbiont-bearing (Stanley & Swart 1995) . In planktonic foraminifera, the earliest record of photosymbiosis comes from the stable isotope composition of fossil tests from the Late Cretaceous (Houston & Huber 1998 , Houston et al. 1999 . A rapid radiation of the symbiont-bearing foraminifera species occurred in the Paleocene and was followed by stepwise extinction of the group in the Oligocene (Kelly et al. 1996 , Norris 1996 , Wade 2004 ). According to δ 18 O and δ 13 C measurements in planktonic foraminiferal shells, the proliferation of modern pelagic symbioses (mainly within the genus Globigerinoides and Orbulina) occurred only in the Early Miocene (Norris 1996) . The dinoflagellate fossil record comprises organicwalled cysts produced by some members of the group. Discovery of Polarella glacialis (Buck et al. 1992 , Montresor et al. 1999 ), a free-living cyst-forming dinoflagellate resembling the fossil Suessia spp. thought to be extinct since the Mesozoic, underlines limitations of the fossil record in reconstructing the evolution of dinoflagellate symbiosis.
In modern oceans, the most intensively studied photosymbioses are those found in coral reefs. In these coastal and mostly benthic ecosystems, the endosymbiotic Symbiodinium spp. enhances coral metabolism and eventually calcification by providing fixed carbon through photosynthesis, while corals provide protection and vital inorganic nutrients to their symbionts. In coral reefs, molecular methods uncovered an astounding diversity of Symbiodinium spp. phylotypes (LaJeunesse 2001 , Santos et al. 2002 , Baker 2003 , Rodriguez-Lanetty 2003 , Pochon et al. 2006 ). This diversity may assist corals in acclimation to changing conditions (Buddemeier & Fautin 1993 , Rowan et al. 1997 , Baker 2001 , Baker et al. 2004 , Rowan 2004 . Corals of the same species in different geographic locations and under different physical conditions may harbor different Symbiodinium spp. phylotypes, and even within a single coral colony different symbiont phylotypes may be found in line with micro-ecological gradients (Rowan 1998 , Baker 2003 . Furthermore, the symbiont community in a coral colony may undergo significant population changes following events of exposure to extreme temperatures or light intensity (Trench 1993 , Baker et al. 2004 , Little et al. 2004 .
Based on rDNA phylogenies and RFLP patterns, the Symbiodinium species complex is often divided into 'clades' comprising many phylotypes (Rowan 1998 , Baker 2003 , Pochon et al. 2006 ). While differences in physiology among Symbiodinium spp. clades (Fabricius et al. 2004 , Rowan 2004 ) and phylotypes (Tchernov et al. 2004 ) have been indicated, the biological and ecological significance of the present rDNA-based taxonomic division is yet unclear (Savage et al. 2002) . The considerable and confusing biodiversity of Symbiodinium spp., coupled with the complex nature of reef ecology and the wide diversity and taxonomic ambiguities of scleractinian corals (Romano & Palumbi 1996 , Romano & Cairns 2000 , Stanley & Fautin 2001 , Stanley 2003 , Fukami et al. 2004 , hinders clear understanding of flexibility, specificity, and evolution of this symbiosis.
Many of the difficulties encountered in studies of reef symbioses are absent from the poorly studied pelagic foraminifera-dinoflagellate symbiosis. In the immense and moving pelagic fields of tropical and subtropical surface waters, many fewer host species are present and both symbiotic partners are singlecelled. The life cycle of symbiont-bearing planktonic foraminifera ( Fig. 1) dictates that juvenile foraminifers acquire their dinoflagellate symbiont(s) from the ambient sea water shortly after gametes fusion at each generation, i.e. approximately once every 2 wk or once a month (Hemleben et al. 1989 , Bijma et al. 1990 ). Therefore, symbiosis is perpetually reset, and partners must find each other among the billions of cells dwelling in the water column. This differs from the complex acquisition modes in coral reef systems, where both vertical and horizontal transmission modes (Loh et al. 2001) and multiple symbiont acquisition events during the long ontogeny of a coral colony (Baker 2003) introduce greater symbiotic genetic complexity.
Pelagic symbiosis holds an important position in ocean ecology and has featured in numerous oceanographic and geologic investigations (Emiliani 1954 , Imbrie et al. 1973 , Shackleton & Opdyke 1973 , Hughen et al. 1998 . The success and proliferation of many planktonic foraminifer taxa has been fueled by acquisition of symbiotic algae (Norris 1996) . Over the past few years, molecular investigations demonstrated the existence of several genetic types within all classical planktonic foraminifer 'species' defined using morphological criteria (Huber et al. 1997 , de Vargas et al. 1999 , de Vargas et al. 2002 , Wade & Darling 2002 . Thus, a molecular phylogenetic approach seems appropriate to start investigation of symbiosis within the planktonic foraminifera. Until now, morphological (Spero 1987) and small subunit (SSU) rDNA-based investigations (Gast & Caron 1996) of the dinoflagellates associated with planktonic foraminifera both described a single species, Gymnodinium beii. Here we analyze faster evolving large subunit and internal transcribed spacer (LSU and ITS respectively) rDNA from hundreds of individual hosts collected on a global scale, and achieve a higher resolution in addressing questions of symbiosis in this pelagic realm.
MATERIALS AND METHODS
Sample collection and DNA extraction. Foraminifera samples were collected in situ using plankton nets (100 µm mesh size) from a ~200 m deep layer of surface waters during transoceanic cruises in the Atlantic, Pacific, Indian, and Southern oceans, and at some offshore stations in the Mediterranean, Caribbean, Sargasso, and Indonesian seas (Fig. 2) . Planktonic foraminifera were sorted and individually picked according to morphological species using a dissecting microscope on board the vessels. Each foraminifer was carefully cleaned in filtered seawater using a microbrush, so that total DNA extraction targeted principally the genome of the host foraminifer and the hundreds of genomes of its endosymbiotic algae. Storage and DNA extraction of individual foraminiferal samples were performed as previously described in de Vargas et al. (2002) .
Amplification and identification of DNA. Ribosomal DNA was amplified from hundreds of samples using standard PCR protocols and primers specific for foraminifers or dinoflagellates. Foraminiferal DNA amplification, sequencing, and genotyping methods are described in de Vargas et al. (2002) . For dinoflagellates, we targeted regions of the rDNA covering the ITS-1, 5.8S, ITS-2 and the D1 and D2 regions of the LSU. We used the specific forward primers S-Dino 5'-CGCTC-CCGATTGAGTGA-3' located at the 3' end of the SSU rDNA and L-Din6 (5'-MCCCGCTGAATTTAAG-CATA-3') at the beginning of the LSU and the reverse primer L-Din1 (5'-AACGATTTGCACGTCAGTAC-CGC-3') in the LSU. Partial dinoflagellate LSU rDNA were directly sequenced from 189 individual planktonic foraminifera using an ABI 3100 Avant automatic sequencer as described in Tchernov et al. (2004) . Longer fragments including the ITSs region (1.7 kb) were completed for 61 samples, priming the sequencing reaction with the internal primer 5.8S6 (5'-GCACCYDT-GAAGGGCGCAGCG-3'), located in the 5.8S gene. With this primer, in addition to S-Dino and L-Din1, an overlap of more than 400 bases was achieved between each pair of consecutive strands. Shorter fragments spanning the LSU or ITS regions were sequenced using a single primer read. Based on genetic diversity obtained in our large LSU rDNA sequence alignments, we developed 2 additional methods for rapid detection of the main genetic types within the symbiotic algae.
First, an RFLP protocol was designed using the restriction endonucleases Hpy 99 I, Mfe I, and Cla I that target different sites within the region D2 of the LSU rDNA, and together allow the recognition of 4 main genetic subgroups (see 'Results'). The restrictions were performed at 37°C overnight in a total volume of 12 µl, containing 10 µl PCR product, 0.7 µl enzyme mix (Hpy 99 I: 0.5 µl; Cla I: 0.2 µl; Mfe I: 0.1 µl), and 1.2 µl of appropriate buffer. Restriction fragments patterns were visualized on 3% high-resolution agarose gels.
Second, genotype-specific primers were designed for use in multiplex PCR reactions. The reverse primers YDG1.1 (5'-AGTRACTCCGCAGAGAAACGT-3') within the LSU rDNA, and YDG1.2 (5'-ACACAACCRGCA-GATGCACAG-3'), YDG2.1 (5'-CTGTGCAGGAGTT GGCRCAAT-3'), and YDG2.2 (5'-GGATCAAGAGAT-CAAGAAGAC-3') within the ITS-2 rDNA were used in combination with the dinoflagellate forward primer 5.8S6 to produce specific products of different size and identify the same 4 main dinoflagellate genotypes. (1) Fusion of 2 foraminiferal gametes. (2) The juvenile foraminifer grows by secreting successive calcareous chambers, and rapidly (as early as the 3-chambered stage) acquires photosymbionts from the ambient water into specialized cytoplasmic vacuoles. (3) Endosymbionts multiply and colonize the growing foraminifer that begins to develop spines. (4) As an adult, the foraminifer spreads its symbionts along its spines to photosynthesize during the day, and brings them back into the shell at night. (5) Before gametogenesis, the foraminifer consumes some of its symbionts and expels others; all resources are focused toward gamete production. (6) The foraminifer releases its gametes into the water and dies, the carbonate shell sinking to the sea floor where it comprises much of the marine sediments in vast oceanic regions Each multiplex PCR targeted 2 dinoflagellate types in a single amplification step (YDG1.1 + YDG2.1 + 5.8S6; YDG1.2 + YDG2.2 + 5.8S6). The reactions were optimized and ultimately set as follows: annealing temperature 58°C, extension temperature 68°C, addition of 0.5 ml MgCl 2 (25 mM) per reaction tube, common forward primer in a 2:1 concentration ratio compared to each specific primer. PCR products were visualized after migration on 2% agarose gel. A total of 592 foraminiferal extractions were genotyped using the restriction fragment length polymorphism (RFLP) and multiplex PCR approaches. Foraminifer host genotyping was performed for each DNA extraction, where dinoflagellates were identified as described in de Vargas et al. (1999) . All new sequences produced in this study are available in GenBank, accession numbers DQ195278 to DQ195376 and DQ198020 to DQ198077. Phylogenetic analysis. Sequences were automatically aligned with Clustal X software (Thompson et al. 1997) , and alignments were visually examined and adjusted using the GDE program (Smith et al. 1994) . Phylogenetic reconstructions were performed using the maximum likelihood (ML) and neighbor joining (NJ) approach implemented in PAUP* software (Swofford 1998) . For maximum likelihood computations, the type of nucleotide substitution model and the use and shape of the gamma-distribution were estimated through likelihood ratio tests based on our data and using the Modeltest program (Posada & Crandall 1998) . The same parameters were used for Bayesian statistics analyses, in which 4 Monte Carlo Markov Chains were run in parallel for 1 000 000 generations using MrBayes (Huelsenbeck & Ronquist 2001) . For large data sets maximum likelihood phylogenies were generated with PHYML software (Guindon & Gascuel 2003) , using the option that allows the program to estimate model parameters. Multiple phylogenetic analyses were performed for both the long and shorter rDNA fragments. Comparison of substitution rates between symbiotic dinoflagellate groups were performed with the RRTree program (Robinson-Rechavi & Huchon 2000), using Karenia and Prorocentrum spp. as outgroups. Mean genetic distances (Tajima & Nei 1984) between groups were calculated using Mega software (Kumar et al. 2004) .
RESULTS

Evolutionary history of dinoflagellates symbionts of planktonic foraminifera
We first analyzed all unique dinoflagellate LSU rDNA phylotypes obtained from single planktonic foraminiferal cells of the morphospecies Orbulina universa, Globigerinoides ruber, G. sacculifer, and G. conglobatus collected worldwide. The LSU rDNA sequences were aligned with orthologous genes from free-living dinoflagellates of the Prorocentrum spp. and Karenia spp. groups (chosen as outgroups following a basic local alignment search tool [BLAST] search) and crude phylogenetic analysis of all dinoflagellate LSU rDNA available in GenBank. Closely related sequences of free-living Gymnodinium simplex and G. corii, and the only living member of the family Suessiaceae, Polarella glacialis (Montresor et al. 1999) , were also included in the analyses. All phylogenetic analyses reveal that the pelagic symbionts form a monophyletic group, sister to the coastal-benthic Symbiodinium species complex (Fig. 3) (Tchernov et al. 2004 , Pochon et al. 2006 . Statistical supports given at each internal node in the following order: maximum likelihood bootstrap/MrBayes probability. The geographic origin of each new sequence presented in this paper (Figs. 3 & 4) is given by the following: DE = Eilat; DT8 = AMT-8; DT5 = AMT-5; DMe = Melville; DRe = Revelle; DOi = Oiso; DVf = Villefranche. Sequences' names starting with a letter other than D were extracted from GenBank. Capital letters indicate clades
Gymnodiniales are basal to the group of pelagic symbionts, while Polarella glacialis appeared as an ancestor of both pelagic and coastal-benthic symbionts, confirming their taxonomic classification within the order of the Suessiales (Fensome et al. 1993 , 1996 , Montresor et al. 1999 . Perhaps the most striking feature of the symbiotic dinoflagellate tree is the huge differences in substitution rates between the coastal-benthic and the pelagic species. In the LSU rDNA phylogenies, the pelagic symbionts display significantly shorter branch lengths, suggesting much lower rates of molecular evolution (Fig. 3) . Genetic distances from the ancestor Polarella glacialis are, as a mean value, 3.42 times larger for the coastal-benthic symbionts compared to the pelagic symbionts (Table 1) 
P. glacialis (Table 2 ). Most differences in rates of substitutions between the defined phylogenetic groups were statistically significant (p < 0.005), ruling out the use of a simple absolute molecular clock to calibrate in time the evolutionary history of marine dinoflagellate-based photosymbiosis.
Genetic diversity and phylogeny within the pelagic symbiotic dinoflagellates
The genetic diversity of the pelagic symbiotic dinoflagellates is greater than anticipated from previous morphological and genetic studies, in which a single species Gymnodinium beii was described (Spero 1987 , Gast & Caron 1996 . In total, 21 dinoflagellate LSU ribotypes were obtained from 189 individual foraminifer hosts analyzed in this study. In all analyses, which used LSU and ITS regions either independently or concatenated, the rDNA diversity was split into 2 main clusters that we termed P1 and P2 (Figs. 3 & 4A) . This main division may be comparable to the 'clade' level of separation within the Symbiodinium species complex. Each of the main clusters P1 and P2 can be further divided into 2 subgroups termed P1a-P1b and P2a-P2b (Fig. 4B) . These subgroups are apparent when examining the D1-D2 region of the LSU and are supported by analyses of our long rDNA fragments from the ITS1 to the LSU (Fig. 4C) . Note that our RFLP and multiplex PCR protocols were based on the LSU rDNA D1-D2 region and discriminated between these 4 genetic groups (as presented in Fig. 4B,C) . 
Abundance of pelagic dinoflagellate subgroups and phylotypes
We surveyed the relative abundance of pelagic symbiont subgroups using rDNA sequencing, as well as RFLP and multiplex PCR. A total of 592 symbiotic dinoflagellates were thus assigned to 1 of the 4 genetic subgroups shown in Figs. 4B,C. Out of the 21 unique phylotypes, 2 were vastly dominant and comprised most of the P1a and P2a subgroups (Fig. 4A) . The remaining 19 phylotypes had a significantly lower abundance, most of them having been found only once. Dinoflagellates belonging to the genetic subgroups P1a and P2a were overwhelmingly abundant, representing 51.3% and 28.5% respectively of our total planktonic foraminifer samples collected worldwide (Fig. 5A) . Both P1a and P2a subgroups had a small internal diversity (10 and 4 phylotypes, respectively), with the great abundance attributed to a single dominant phylotype. The genetic subgroup P1b is rare: we only recognized 23 ind. of this type (5.4%), and only 3 unique phylotypes were sequenced. Subgroup P2b comprised 16.2% of our samples (96 ind.) and is as diverse as P1a, with up to 10 phylotypes of similar abundance (Fig. 5A) .
Host specificity
Symbiosis in planktonic foraminifera is clearly not species-specific (Fig. 4A & 5B). Our study encompasses the full diversity of modern planktonic foraminifera that have established symbiosis with dinoflagellates, with special emphasis on the morphological species Orbulina universa, where 3 genetically and ecologically distinct types were previously detected worldwide (de Vargas et al. 1999 . Symbiont types P1b were only found in association with O. universa, and were predominantly from genetic type III (Mediterranean-type in de Vargas et al. 1999) (Fig. 5B) . However, the genetic subgroup P1b is rare, and its absence from the Globigerinoides species may simply be due to the relatively small sample size of these host species (n = 37). Members of the 3 more abundant subgroups were retrieved from all genetic and morphological species of planktonic foraminifera, proving their ability to colonize divergent hosts. In addition, multiplex PCR allowed us to detect the presence of different dinoflagellate ribotypes within a single host. Although the large majority of individual foraminifers contained a single ribotype, 37 occurrences (11%) of multiple genetic subgroups within a single foraminifer were observed. Most of these samples contained 2 different symbiotic dinoflagellate types and a few foraminifera enclosed even 3 genetic subgroups. The rare occurrence of multiple symbionttypes within a single host clearly reveals its ability to associate with different dinoflagellate phylotypes and further confirms the flexibility of this symbiosis between 2 pelagic unicellular organisms. Fig. 3 , using Karenia and Prorocentrum spp. as outgroups. Symbiodinium clade A was treated as a separate group: it displays much shorter branches than other Symbiodinium spp. clades. R: ratio between substitution rates within a group compared to substitution rates within another group relative to the outgroup; p: the exact probability associated with the test; *p < 0.005; **p < 5 × 10 -6
. Smaller p values associated with larger differences in substitution rates between lineages. Comparisons between pelagic and coastal-benthic symbionts are highlighted in bold
DISCUSSION
Our sampling most likely does not exhaust the genetic diversity of dinoflagellate symbionts of planktonic foraminifers. The 21 unique LSU types identified here are a lower bound for the true diversity, and continued investigation into more rapidly evolving regions of the genus will likely expand and refine this phylogenetic scheme. Nevertheless, the widespread sampling effort over different oceanic basins and seasons, together with the large number of redundant genotypes from ~600 individual foraminifers analyzed, suggests that we unveiled most of the major phylogenetic features of this group of organisms. Note that the biogeographic and seasonal distributions of both host and symbiont genotypes will be discussed in another study.
Evolutionary history of oceanic dinoflagellate-based symbiosis
The dinoflagellates that established photosymbiotic relationships with foraminifera in the planktonic realm form a monophyletic group directly related to the dinoflagellates of the Symbiodinium species complex that are involved in benthic-coastal (mainly coral reef) symbioses. Thus, a family of genetically related dinoflagellates acquired the ability to form symbiosis with a wide range of protistan and metazoan hosts in subtropical and tropical oceans. These dinoflagellates have invaded both benthic and pelagic marine domains, and sustained the survival of the majority of modern marine calcifiers through photosymbiosis. Based on an absence of morphological characters, the first dinoflagellate symbiont of planktonic foraminifer was classified into the highly polyphyletic genus Gymnodinium (Spero 1987 ). Here we labeled all phylotypes of dinoflagellate symbionts of planktonic foraminifers with the letter 'P', for 'pelagic symbionts'. However, a formal description of this new genus is in progress.
All genetic markers and analyses used herein indicate that Polarella glacialis belongs to the ancestral lineage that gave rise to all symbiotic dinoflagellates (Fig. 3) . In addition, our reconstructions suggest that the free-living species Gymnodinium corii and G. simplex are part of the Symbiodinium spp.-pelagic symbionts cluster. They branch, with weak statistical support, at the base of the pelagic symbiont group (Figs. 3 & 6B) . Our data can be interpreted as either 2 independent endosymbiotic transitions from freeliving dinoflagellate lineages into coastal reef biota and pelagic foraminifera (Fig. 6B ), or as a single symbiotic event followed by a loss of symbiotic behavior in the G. corii and G. simplex lineages (Fig. 6B) . Given the impressive taxonomic range of hosts 'infected' by the Suessiaceae, a re-invention of symbiosis in the pelagic realm would not be surprising (Rowan 1998) . The Suessiaceae have obviously 'learned' how to repeatedly colonize new forms of life, implying transient periods as free-living protists. Investigation of other genes and additional free-living marine dinoflagellates, yet to be collected, may clarify the early evolution of this major marine photosymbiosis.
Timing and rates of evolution of pelagic symbiotic dinoflagellates
Some constraints on the evolution of dinoflagellates and their hosts are found in the fossil record, and thus provide additional information for further interpretation of our data (Fig. 6A) of the Suessiaceae. This family has been proposed to be the ancestor of the modern Symbiodinium spp. , and a great abundance of Suessiaceae cysts coincides with the first appearance of scleractinian coral reefs in Middle Triassic times, 230 to 200 million years ago , Fensome et al. 1999 , Palliani & Riding 2000 , Stanley & Fautin 2001 . In addition, studies of ancient coral reefs together with stable isotope evidence from fossil coral skeletons suggest that many of the early corals were photosymbiotic (Stanley & Swart 1995 , Stanley 2003 ). It appears that some suessiacean dinoflagellates established endosymbiotic relationships in coastal ecosystems soon after their origination in the Triassic. As a result, they limited or even stopped the production of diploid encysting forms, which are typically resistant stages for free-living organisms. Finding direct evidence to link the early photosymbionts with extant Symbiodinium spp. is thus hampered by the patchy nature of the fossil dinoflagellate record, based on cysts. However, the molecular phylogenetic position of Polarella glacialis confirms interpretations of the fossil record and constrains the early evolutionary steps of dinoflagellatebased photosymbiosis in the early Mesozoic (Fig. 6) . Another time constraint comes from recent and independent molecular calibrations of the Symbiodinium species complex. The use of both absolute (Tchernov et al. 2004 ) and relaxed (Pochon et al. 2006 ) molecular clocks indicates that the origin of the modern Symbiodinium species complex occurred after the Cretaceous/Tertiary boundary, in the Paleocene or Early Eocene. Finally, stable isotope measurements in the shells of planktonic foraminifera indicate that some species established photosymbiosis in the late Cretaceous and that major groups successfully diversified in the Paleocene thanks to photosymbiosis (Kelly et al. 1996 , Norris 1996 , Berggren & Norris 1997 , Houston et al. 1999 , Quillevere et al. 2001 . Stable isotope patterns suggest that these early photosymbioses involved dinoflagellates (D'Hondt et al. 1994) . The application of a crude, lineage-specific molecular clock suggests that the origin of modern diversity in the pelagic symbiotic cluster, or the first split between the clades P1 and P2, dates back to the Early Paleogene, and thus that early symbioses in planktonic foraminifera involved dinoflagellates similar to today's pelagic symbionts.
The time constraints imposed on our phylogeny highlight the huge difference in rates of rDNA substitution between the pelagic and the coastal-benthic symbiotic dinoflagellates. In fact, it seems that there is an acceleration in evolutionary rates that starts with the slow-evolving Polarella glacialis, followed by the still slow pelagic symbionts, the Symbiodinium ancestral clade A with intermediate substitution-rates, and finally the fast-clock remainder of Symbiodium spp. Previously, accelerated rates of mutation in parasitic and endosymbiotic bacteria compared to related free-living strains have been noted (Lambert & Moran 1998) . Two processes may contribute to this phenomenon: (1) the small population size within a host, which generates recurrent bottlenecks at each host generation, causes increased genetic drift and fixation rates, (2) the increased reliance of the endosymbiont on its host leads to a relaxation of the purifying selection and possible damage to DNA-repair genes (Dufresne et al. 2005) . These mechanisms may have affected the coastalbenthic symbionts much more than the pelagic ones. Indeed, populations of the coastal-benthic Symbiodinium spp. can be isolated in some large coral colonies and vertically transmitted to the next host generations. They can thus genetically drift in isolation or relax their purifying selection for thousands of generations. On the contrary, pelagic symbionts are forced into a free-living stage every few weeks, at each new host generation (Fig. 1) , and thus constantly re-seed the immense and worldwide genetic pool of free-floating dinoflagellates available for new symbioses.
Specificity in pelagic photosymbiosis
The absence of patterns of co-evolution in our data suggests that photosymbioses in the pelagic realm are sustained by a high flexibility in host-symbiont associations. All dinoflagellate genetic subgroups were found in association with all foraminiferal morphological and genetic species within the genus Globigerinoides and Orbulina (Fig.5) . At the level of the symbionts' LSU and ITS rDNA phylotypes, strictly identical sequences were harbored by different host species (Fig. 4A) . In addition, although most of the foraminifer cells analyzed herein contained a single pelagic symbiont phylotype, 11% contained symbionts of different genetic subgroups.
This high flexibility between host and symbiont species in the pelagial contrasts with the patterns of specificity frequently observed in photosymbiotic associations in coastal-benthic environments (Pochon et al. 2004) . In coral reefs, the extremely long life of most hosts compared to the symbiont generation time, the dominantly asexual reproductions of the hosts, and the relative absence of Symbiodinium spp. free-living stages, may favor co-evolutionary processes. Patterns of symbiosis-specificity in reef ecosystems may also result from competition and adaptation to the infinity of ecological gradients and micro-niches available in such environments. However, in the pelagic world, conditions are more uniform and the biodiversity of both hosts and symbionts is relatively lower. The generation time of foraminifer hosts (2 to 4 wk) is close to that of dinoflagellate symbionts (a few days), and the critical need of the juvenile foraminifer to acquire symbionts from the open water applies a strong evolutionary pressure to maintain flexible associations. Within the wide uniform expanses of the open waters, where tiny drifting organisms are relatively diluted, and where the photosynthetic holosymbiont unit needs to be re-created at each host generation, maximum compatibility is certainly an advantage.
CONCLUSIONS
Foraminiferal symbiosis in the pelagic realm involves dinoflagellates genetically related to the coastalbenthic Symbiodinium species complex. However, the pace and mode of evolution of the pelagic symbiosis appears to be different. In open oceans, a lower diversity of symbionts with significantly lower rates of DNA substitution, and obligatory free-living stages that occur every few weeks, sustains a seemingly highly flexible photosymbiosis. These may be necessary conditions for survival in the plankton. The deep phylogenetic branching of the pelagic symbionts species complex, the fossil evidence that Mesozoic and Paleogene planktonic foraminifera were photosymbiotic, and the marked absence of specificity observed in modern photosymbioses, together suggest that these dinoflagellates were the major symbionts for the entire evolutionary history of pelagic foraminifera. Although the high flexibility involved in pelagic symbiosis apparently brings acclimation advantages over ecological time scales, the relative lack of biodiversity in the system may threaten pelagic symbioses over longer, geological time scales and lead to major extinction of the hosts.
